The folding of proteins in living cells may start during their synthesis when the polypeptides emerge gradually at the ribosomal exit tunnel. However, our current understanding of cotranslational folding processes at the atomic level is limited, We employed NMR spectroscopy to monitor the conformation of the SH3 domain from a-spectrin at sequential stages of elongation via in vivo ribosomearrested 15N,uC-labeled nascent polypeptides, These nascent chains exposed either the entire SH3 domain or C-terminally truncated segments thereof, thus providing snapshots of the translation process. We show that nascent SH3 polypeptides remain unstructured during elongation but fold into a compact, native-like p-sheet assembly when the entire sequence information is available. Moreover, the ribosome neither imposes major conformational constraints nor significantly interacts with exposed unfolded nascent SH3 domain moieties. Our data provide evidence for a domainwise folding of the SH3 domain on ribosomes without significant population of folding intermediates. The domain follows a thermodynamically favorable pathway in which sequential folding units are stabilized. thus avoiding kinetic traps during the process of cotranslational folding. nascent cha ins I protein folding I ribosome P rotein biosynthesis is achi eved by the conversion of genetic information into linear sequences of amino acids and the subsequent folding of the polypeptide chains into their threedimensional structures. In vivo, the cotranslational folding of newly synthesized proteins is limited by the kinetics of translation and thus must be tightly coordinated with their synthesis on ribosomes. For some proteins, their cotranslational fo lding might be delayed until the complete sequence information of a folding unit or domain is available, whereas others may start to acquire structural elements even when their folding information is incomplete and concurrent with their elongation at abo ut 15-20 or 5-7 amino acids per second on bacterial or eukaryotic ribosomes, respectively (I), Several pioneering structural studi es on ribosomes have been performed that provide detailed insights into the protein translation machinery (2---4). The diameter of the ribosomal tunnel could allow for a peptide to adopt a-helical structure, and a recent study suggests that nascent chains can make distinct contacts within the tunnel interior (5), Furthermore, there is evidence that some proteins start to acquire secondary and tertiary structures as soon as they emerge from the ribosomal exit tunnel (6, 7), While recent studies have provided evidence for the structural ordering of nascent chains (8-10), the fo lding pathway of elongating polypeptides remains largely unexplored. Moreover, it is uncl ear whether the tethering of the polypeptide to the translation machinery or intermolecular interactions between the nascent polypeptide and the ribosomal surface playa role in the cotranslational folding process.
The folding of proteins in living cells may start during their synthesis when the polypeptides emerge gradually at the ribosomal exit tunnel. However, our current understanding of cotranslational folding processes at the atomic level is limited, We employed NMR spectroscopy to monitor the conformation of the SH3 domain from a-spectrin at sequential stages of elongation via in vivo ribosomearrested 15N,uC-labeled nascent polypeptides, These nascent chains exposed either the entire SH3 domain or C-terminally truncated segments thereof, thus providing snapshots of the translation process. We show that nascent SH3 polypeptides remain unstructured during elongation but fold into a compact, native-like p-sheet assembly when the entire sequence information is available. Moreover, the ribosome neither imposes major conformational constraints nor significantly interacts with exposed unfolded nascent SH3 domain moieties. Our data provide evidence for a domainwise folding of the SH3 domain on ribosomes without significant population of folding intermediates. The domain follows a thermodynamically favorable pathway in which sequential folding units are stabilized. thus avoiding kinetic traps during the process of cotranslational folding. nascent cha ins I protein folding I ribosome P rotein biosynthesis is achi eved by the conversion of genetic information into linear sequences of amino acids and the subsequent folding of the polypeptide chains into their threedimensional structures. In vivo, the cotranslational folding of newly synthesized proteins is limited by the kinetics of translation and thus must be tightly coordinated with their synthesis on ribosomes. For some proteins, their cotranslational fo lding might be delayed until the complete sequence information of a folding unit or domain is available, whereas others may start to acquire structural elements even when their folding information is incomplete and concurrent with their elongation at abo ut 15-20 or 5-7 amino acids per second on bacterial or eukaryotic ribosomes, respectively (I), Several pioneering structural studi es on ribosomes have been performed that provide detailed insights into the protein translation machinery (2---4) . The diameter of the ribosomal tunnel could allow for a peptide to adopt a-helical structure, and a recent study suggests that nascent chains can make distinct contacts within the tunnel interior (5), Furthermore, there is evidence that some proteins start to acquire secondary and tertiary structures as soon as they emerge from the ribosomal exit tunnel (6, 7) , While recent studies have provided evidence for the structural ordering of nascent chains (8) (9) (10) , the fo lding pathway of elongating polypeptides remains largely unexplored. Moreover, it is uncl ear whether the tethering of the polypeptide to the translation machinery or intermolecular interactions between the nascent polypeptide and the ribosomal surface playa role in the cotranslational folding process.
In this study, we provide a detailed structural description of the cotranslational folding of a nascent polypeptide by monitoring the structure acquisition of the SH3 domain from a-spectrin on ribosomes. To accomplish this, we produced 15N, l3C-Iabeled SH3 nascent chains of different length in Escherichia coli cells under physiological conditions and subsequently employed high-resolution NMR techniques on purified samples to monitor the folding status at specific stages of peptide elongation. This strategy allowed us to probe in detail the conformation of grad ually emerging nascent chains.
Results
Design and Purification of Ribosome-Nascent Chain Complexes. To investigate the conformation and dynamics of nascent polypeptides during protein synthesis by NMR spectroscopy, we created a set of nascent chains that were arrested at specific points during elongation to provide snapshots of ongoing translation. A prerequisite for such structural investigations of nascent polypeptides bound to translating ribosomes is the generation of highly homogeneous populations of 13C, 15N-Iabeled ribosome-nascent chains (RNCs) in large quantities. Therefore, we designed a vector allowing us to express and label target polypeptides in E. coli, to stall their translation at a desired length and to efficiently purify large quantities of RNCs.
The plasmid-based construct used to generate RNCs (Fig. lA) consisted of an N-terminal triple StreplI-tag for affinity purification followed by a multiple cloning site (MCS) to introduce target genes encoding the nascent polypeptides. In order to remove the StreplI-tag from nascent polypeptides after purification, we inserted an Smt3-domain in between. Smt3 is specifically recognized by the Ulpl protease that cleaves the polypeptide downstream of Smt3 and thereby produces nascent chains with authentic N-termini. After the MCS, we placed a recognition site for the TEV protease to release the nascent peptides from the ribosomes on demand. This enabled us to record NMR spectra from polypeptides in the ribosome-bound and unbound state. The C-terminal end of the construct was fused via a linker to a stalling sequence of 27 amino acids (aa) derived from the E. coli SecM. The SecM ribosome-stalling peptide includes the motif 150FxxxxWIxxxxGIRAGP 166 that tightly interacts with the interior of the ribosomal tunnel upon its. synthesis and arrests translation of any desired target protein fused to it (11) . This strategy made it possible to arrest protein elongation at a specific point. Moreover, the SecM stalling peptide spans the ribosomal tunnel and thus ensures the exposure of the nascent chain on the ribosomal surface as shown previously (12) .
As model nascent chains we chose the Src-homology 3 (SH3) domain of a-spectrin and its mutant variant SH3-ml0 (Fig. 1B) . The SH3 domain has been intensely studied in the past, and it is ' " " 'n;
.c known that wild type SH3 (63 aa, 7 kDa) folds into a compact, orthogonal p-sandwich structure composed of five anti parallel pstrands, whereas SH3-mlO harbors two point mutations (W41G and W42V) that prevent native folding and generate a random coil-like entity (13) . Moreover, proteinase K digestion experiments suggested that SH3 but not SH3-ml0 has the capacity of structure formation while still bound to ribosomes (12) . Thus, this pair of nascent chains, with SH3-m10 as a reference for unfolded nascent SH3, was well suited to study cotranslational protein folding at a molecular level by NMR. To mimic distinct stages during ongoing translation, we additionally fused two truncated SH3 versions (SH3-Tl and SH3-T2), lacking 22 and 5 C-terminal residues of SH3, respectively, to the SecM stalling peptide (Fig. IB) . The stalling peptide had a total length of 31 aa (27 aa derived from SecM and four additional residues), which has been shown previously to guarantee the exposure of nascent polypeptides outside of th e ribosome (12, 14) . Importantly, all constructs were produced in vivo and thus encountered physiological conditions prior to purification and NMR analysis. To avoid copurification of chaperones with RNCs, all constructs were expressed in E. coli cells lacking ribosomeassociated Trigger Factor and Iysates were treated with ATP to release other chaperones such as GroEL or DnaK. The expression was performed in presence of I3C-glucose and/or ISN-NH 4 Cl, and stalled RNCs were isolated by centrifugation and affinity purification. RNCs were highly pure as judged by the Coomassie-stained gel showing exclusively the pattern of ribosomal proteins ( The recorded spectra of all ribosome-containing samples revealed additional cross peaks between 7.8 and 8.6 ppm in the [15N , I H]-correlation spectrum that neither corresponded to peaks of SH3 nor to the linker region ( Fig. 2A-C and E-G). Similarly, additional cross peaks were observed in the corresponding [I3C, I H]-correlation spectrum. Because a cross peak at a typical location of C-terminal amides was also observed (strong cross peak at 8 ppm and 127 ppm; Fig. 2 B a nd C), we suspect that these cross peaks represent signals from ISN-Iabeled ribosomal proteins that had been synthesized and incorporated into ribosomes during the in vivo production of SH3-RNCs. This assumption is supported by the finding that such cross peaks were also measured for a crude ribosome sample generated under similar conditions as SH3-RNCs but without target nascent chains (Fig. S2 ). Attempts to adapt the labeling protocol according to a recently described method did not further reduce the background (10) . However, the resulting [ISN, I H]-and [, 3C, I H]-correlation spectra of the ribosome-tethered SH3-nascent chains are of similar high resolution as the recently published spectra of RNCs carrying the Ig2 domain, a tandem repeat segment of the gelation factor ABP120 from Dictyostelium discoideum (9) .
To provide evidence that the labeled nascent polypeptides are stalled and associated with ribosomes, the sample was subjected to diffusion experiments using ID ISN-filtered and 14N-filtered measurements. This allowed us to monitor the translational diffusion rates of 14N-containing ribosome as well as ISN-Iabeled nascent chain species. Both translational diffusion coefficients (Table SI ) are similar to each other. These diffusion coefficients set a lower limit for the apparent molecular mass of both the 14N_ and ISN-Iabeled species of ~ I MDa, thereby indicating that the nascent chains are attached to ribosomes. Some ISN-Iabeled background signals may in part contribute to the determined rates for SH3-RNCs. However, the translational diffusion coefficient of the ISN-labeled nascent chain was significantly higher upon TEV-protease-mediated release of SH3 from ribosomes, indicating that the labeled nasce nt chains we re stably bound to ribosomes prior cleavage.
Comparing the NMR spectra of SH3-RNCs and SH3 cleaved from the ribosome (Fig. 2 B,C This difference is attributed to the high viscosity caused by the high concentration of ribosomes or RNCs (ranging from 100 to 200 mgjml) in the samples. Furthermore, there are cross peaks that show similar intensities before and after the cleavage (for example, N48, L34 in Fig. 2B and C) indicating that the entire . population of SH3-RNC was observed by NMR.
Ribosome-Associated Nascent SH3 Domain Adopts Native Conformation, The assignment of SH3-RNCs (Fig. 2B) and SH3 domain released from ribosomes by proteolytic treatment (Fig. 2C) was based on the assignment of SH3 produced as a free domain called hereafter SH3-F (Figs. 1B and 24 ). In addition, some linker residues of SH3-RNCs were identified (Fig. 2B) by measuring a released construct consisting of SH3 and a mutated SecM sequence carrying a point mutation that prevents stalling (SH3-SecM-F, Fig. IB) . This allowed for a residue-specific analysis of the 3D structures of SH3-RNCs with respect to both, the 3D structures of SH3-F and cleaved SH3. For the cleaved SH3 domain, the cross peaks of 55 15N_ 1 H moieties and 93 I3C-IH side chain moieties were unambiguously identified (Fig. 2 C and G) . Although the spectral sensitivity for SH3-RNCs was lower compared to SH3-F and background signals from ribosomes were present in the spectra, a total of 22 15N_1 H moieties and 23 I3C_ 1 H side chain moieties could be identified for specific residues of SH3-RNCs. These resonances were spatially well spread over the SH3 domain ( Fig. 2 D and H) , and the cross peaks of all these moieties were found at almost identical positions in the spectra with negligible average chemical shift deviations (Ll8 HN of 0.040 ± 0.005 ppm and Llt'i HC of 0.007 ± 0.002 ppm between SH3-RNC and cleaved SH3, and MHN of 0.032 ± 0.005 ppm and Llt'i HC of 0.0 II ± 0.002 ppm between cleaved SH3 and SH3-F). Based on these results, we conclude that the nascent SH3 domain is competent to fold cotranslationally into a native structure, which is comparable to its co nformation after release from the ribosome.
Ribosome-Associated SH3-m10 Shows a Random Coil-Like Conformation. Next, we recorded the NMR spectra of SH3-mlO-RNCs, which served as a reference for unfolded states of the SH3 domain ( Fig. 3 and Fig. S4 ). As mentioned above, SH3-mlO harbors two point mutations that prevent native fo lding and instead generate a random coil-like state (13) . The resonances obtained from [ 15 N, I HJ-and [13C, I HJ-correlation spectra of free SH3-m10 (SH3-mlO-F) revealed only a limited dispersion of chemical shifts reflecting the random coil structure of the domain (Fig. 3A and Fig. S4A ). Due to the low degree of dispersion, only 54% of the side chains could be assigned, while the backbone assignment was nearly complete (97%). Furthermore, the I3C chemical shift deviations from corresponding "random coil" values were small, implying a lack of secondary structure elements (Fig. S4F) . the side chains. Thus, there is little information content in the [13C, I H]-correlation spectrum, in striking contrast to the spectra of SH3 discussed above. Next, we measured the spectra of SH3-ml0-RNCs following the same approach as for SH3-RNCs, including a sample in which the nascent chains had been released from the ribosomes by TEV-protease treatment (Fig. 3 Band C and Fig. S4 B and C) .
Using the sequential assignment of SH3-ml0-F, a total of 55 15N_ I H moieties and 43 13C)H side chain moieties were unambiguously identified for released nascent SH3-mlO. Similarly, 52 15N_1 H moieties and 43 I3C_1 H side chain moieties were identified for SH3-mlO-RNCs. The number of identified 15N_IH moieties for ribosome-associated SH3-ml0 is considerably larger than for SH3-RNCs due to an increased signal to noise ratio attributed to the fl exible nature of SH3-mlO. Because of spectral overlap with background signals, only 33 15N_ IH moieties and 15 13C-1 H side chain moieties were used to ana lyze the SH3-ml0-RNC structure. The cross peaks for these moieties in the NMR spectra of SH3-mlO-RNCs, SH3-ml0 cleaved from the ribosome and SH3-mlO-F had almost negligible average chemical shift deviations (~bHN of 0.0 18 ± 0.00 I ppm and 6.t5 HC of 0.006 ± 0.002 ppm between SH3-ml0-RNCs and released SH3-mlO; ~bHN of 0.021 ± 0.002 ppm and M HC of 0.147 ± 0.037 ppm between released SH3-ml0 and SH3-ml0-F).
Thus, these results confirm that ribosome-bound nascent SH3-ml0 adopts a random-coil-like structure similar to SH3-mlO cleaved off of the ribosome and SH3-ml0-F. Since the chemical shifts of random coil-like polypeptides are time-averaged over many fast interchanging conformations, the nearly negligible chemical shift deviations observed between SH3-ml0-F and ribosome-tethered SH3-ml0 nascent chains indicate that both polypeptides cover a similar conformational space with comparable residence times of their individual conformations. Nascent SH3 Domain Remains Unfolded Until Its Entire Amino Acid Sequence Is Available. An important question to be addressed is whether the SH3 domain folds cotranslationally in a two-state folding pathway as described for SH3 refolding in vitro or SH3 polypeptides adopt discrete intermediate conformations during elongation . In an attempt to mimic the ongoing translation of SH3, we designed two truncated versions of this domain named SH3-Tl and SH3-T2, lacking 22 and 5 C-terminal residues, respectively. SH3-Tl lacks the last three of the five ~-strands, while in SH3-T2 only the last ~-strand is absent. These truncated variants were produced as RNCs (SH3-TI-RNCs and SH3-T2-RNCs) and as free polypeptides designated SH3-Tl-F and SH3-T2-F (Fig. IB) .
A total of 28 15N_ 1 Hand 44 13C) H side chain moieties were unambiguously identified for SH3-Tl-RNCs. A comparison of these with 31 15N_ I H and 44 13C-IH side chain signals for SH3-TI-F in the presence of ribosomes allowed us to assess the folding status of the truncation variant (Fig. 4 A-C and Fig. S5A-C) . Similarly [' SN,' Hl-CRINEPT-HMQC spectra of (E) SH3-T2-F, (F) SH3-T2-RNCs, and (G) SH3-T2-F mixed with ribosomes . Peak labels are as in Fig . 2 mixed with ribosomes (Fig. 4 E-G and Fig. S5 D-F) . The average chemical shift devi ation between SH3-Tl-RNCs and SH3-Tl-F mixed with ribosomes was very small with ~8HN of 0.016 ± 0.002 ppm and M HC of 0.010 ± 0.002 ppm (Fig. 4 D and H) . Similar results were obtained by comparing SH3-T2-RNCs and its soluble version SH3-T2-F (MHN of 0.010 ± 0.002 ppm and MHc of 0.035 ± 0.006 ppm). Importantly, the small spectral dispersion of SH3-Tl and SH3-T2 in the [15N, I H] and [13C, I H]-correlation spectra (Fig. 4 and Fig. S5 ), the random coil-like values of their 13C chemical shifts, and the close match between the shifts of SH3-Tl, SH3-T2 and SH3-mlO ( Fig. S5 K and L ) clearly indicate that the riboso me-attached SH3-Tl and SH3-T2 as well as their sol uble counterparts are in a random coil-like conformation. From these data we conclude that nascent SH3 does not cotranslationally adopt defined secondary or tertiary structure elements until the entire amino acid sequence of the domain is available. Thus, nascent SH3 folds domainwise and does not populate compact intermediate structures.
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The Ribosome Confers No Major Constraints on Cotranslational 5H3-

Folding.
A recent NMR analysis suggests specific transient interactions between the ribosome and the folded ribosomeassociated Ig2-domain (9) . To obtain insights into the dynamic restraints on the nascent chain attached to the ribosome, we examined the line widths of the resolved resonances of the SH3-RNCs. We assumed that by binding to the ribosome the average rotational tumbling time of the SH3 would increase. We found that a number of cross peaks of SH3 nascent polypeptides bound to ribosomes exhibited differential line broadening when compared with SH3 released by TEV protease from ribosomes ( Fig. S3) including eight 15N_ 1 H cross peaks and nine I3C-1 H cross peaks in the SH3-RNC spectrum that are broadened beyond detection. The residues of these resonances are spread throughout the entire SH3 fold and are solvent exposed (Fig. 2   D and H) . In contrast, residues without significant line broadening were found in the interior of the protein. Importantly, considering that the line widths of the ribosome are > I ,000 Hz, the observed average line width increase of ~ 10Hz by intermolecular interactions between the SH3 nascent chain and the ribosome indicates that less than 1 % of SH3 interacts with the ribosome at any given time. Together with the finding that residues that interact with the ribosome are distributed over the entire SH3 surface, we conclude that these observed transient but very rare interactions are rather nonspecific and caused by random clashes due to tethering of SH3 to the ribosome.
We identified similar line broade ning effects for the random coil-like nascent polypeptides investigated in our analysis (SH3-m10-RNCs, SH3-Tl -and SH3-T2-RNCs, Figs. S4, S5 . and S6). Line broadening was distributed along the entire amino acid sequence and detected for backbone and side chain moieti es of both, hydrophobic and hydrophilic residues (Fig. S6) . The line broadening effect was of similar amplitude as for SH3-RNCs, indicating that only a minor subpopulation of th ese nascent polypeptides interacts with the ribosomal exterior. Therefore, we conclude that there is no significant interaction between unfolded SH3 and the ribosomal surface that would contribute to the cotranslational folding of SH3.
Discussion
Cotranslational folding is suspected to be critical for many newly synthesized polypeptides in order to prevent inter-or intramolecul ar misfolding and aggregation (20, 21) . In this study, we set out to monitor the cotranslational folding pathway of the SH3 domain. Folding of denatured SH3 domains has been extensively studied by in vitro experiments showing that this domain folds quickly in a two-state transition (22) . Recent studies revealed that the SH3 domain attains a protease-resistant conformation during its synthesis on riboso mes, suggesting that it folds cotranslationally into a compact structure (1 2). However, it remained uncl ear whether the folding pathway of nascent SH3 on ribosomes is similar to the refolding process of denatured SH3 in vitro. The incomplete sequence information of nascent SH3 during synthesis and the C-terminal fixation on ribosomes may influence the folding process, e.g., by popUlating intermediate conformations during the nascent state that are not form ed during refolding of denatured full-l ength SH3 domai n in solution.
The NMR studies revealed that the full-l ength SH3 domain tethered to the ribosome via SecM exhibits a compact, native-like ~-sheet structure indicating that SH3 folds cotranslationally in vivo. In contrast, we found that shorter SH3 nascent chains remain unstructured during elongation and have a similar conformation to their free peptide counterparts in solution. Thus, the tethering of SH3 to the ribosome and its transient interactions with the ribosomal surface do not induce any thermodynamic stabilization of secondary and/or tertiary structures (Fig. 5) . This implies that the cotranslational folding of SH3 resembles the twostate folding pathway observed during refolding of full -length SH3 in vitro. The folding of nascent SH3 on ribosomes is initially delayed until the entire sequence information is available for the productive cotranslational folding of the complete domain. Such a domainwise folding mode prevents off-pathway events that could become kinetic traps while allowing the sequenti al folding of the defined folding domains within the nascent polypeptide as it emerges from the ribosome. This mode of cotranslational folding might be particularly favorable for multidomain proteins. Interestingly, all RNCs tested herein had been expressed as polypeptides with two domains: an N-terminal Smt3-domain followed by the SH3 variants. Since only correctly folded Smt3 is recognized by the Ulp1 protease and all RNCs had been quantitatively cleaved during sample preparation, we conclude that also Smt3 folds cotranslationally and independently of the folding capacity of the downstream sequence. Whether this domainwise folding mode is specific for SH3 domains or holds true for other polypeptides with different domain fo lds remains to be tested.
How may the ribosome affect cotranslational protein folding? It is assumed that the ribosomal tunnel accommodates approxi- mately 30 C-terminal residues of a growing nascent polypeptide. These amino acids cannot participate in structure formation of the polypeptide outside the tunnel and tethering of the nascent peptide may restrict its conformational freedom. Moreover, the ribosomal surface at the tunnel exit site might react with nascent chains exposed outside the ribosome. Indeed, a recent analysis reports transient interactions of a cotranslationally folded domain with the ribosomal surface (9). Although we observed transient interactions between the elongating SH3 polypeptides and the ribosome, these events appear to be very rare, involving only a minor population of the nascent chains at any given time. Based on our finding that neither the truncated SH3 constructs nor the unfolded SH3-m10 variant showed enhanced interaction with the ribosomal surface, we assume that these contacts can be attributed to nonspecific events that are exaggerated by the local tethering of the polypeptide to the translation machinery. Hence, the ribosomal surface itself confers no major constraints on cotranslational SH3 folding. Considering the small size of the SH3 domain nascent chain compared to the massive dimensions of the ribosome, it is even tempting to speculate that the riboso me may spatially shield emerging polypeptides from nonproductive interactions with cytosolic components (Fig. 5B) . In bacteria, the ribosome-associated Trigger Factor complements this spatial confinement provided by the ribosome. This chaperone hunches over the polypeptide exit tunnel, thereby protecting nascent polypeptides against aggregation and degradation (12, 23). To get an even more comprehensive picture of nascent chains at the ribosomal exit site, the impact of Trigger Factor on the cotranslational fold -
